The use of glyphosate-resistant corn has facilitated a shift from a reliance on preemergence residual herbicides to postemergence (POST) herbicides, and in some cases exclusively glyphosate. Glyphosate is a non-selective herbicide that is relatively slow-acting, which may allow weeds to continue to compete with corn after application and potentially decrease crop yield. The addition of several POST corn herbicides, with some residual control, to an early-season glyphosate application was examined to determine if the tankmix combination would improve the speed of weed control compared to glyphosate applied alone. Seven field trials were conducted over three years (2009, 2010 and 2011) near Ridgetown and Exeter, Ontario. The control of common ragweed was improved 3 days after application (DAA) with three POST glyphosate tankmixes compared to glyphosate alone. However control was still less than 55%. Depending on the weed species examined, at 28 DAA two of the glyphosate tankmix treatments tested provided better common ragweed, common lambsquarters, or green foxtail control than glyphosate alone. Treatments providing better weed control at 28 DAA also typically decreased weed density compared to glyphosate alone.
INTRODUCTION
Since the commercialization of glyphosate-resistant corn (Zea mays L.) in 1998 [1] , there has been rapid adoption of this technology. By 2009, Monsanto [2] reported that approximately 28.3 million hectares of land in the United States had been planted with a corn hybrid carrying the glyphosate-resistance trait, while in the province of Ontario 527,952 kg of active ingredient of glyphosate was used by corn producers in 2008 [3] . Acceptance of glyphosate-resistant corn and soybean (Glycine max (L.) Merr.) has been rapid because it is relatively economical, has wide margin of crop safety, provides excellent weed control, and can increase crop rotation flexibility since glyphosate has no residual activity. Although producers were encouraged to use pre-emergent (PRE) herbicides in conjunction with one or two post-emergent (POST) glyphosate applications to maintain adequate season-long weed control [4] , some studies have indicated that yield loss due to crop-weed competition can be avoided if producers eliminate PRE corn herbicides and rely on early POST glyphosate treatments, provided they are applied in a timely fashion [5] [6] [7] [8] . For growers who rely entirely on POST weed control [8] , the timely application of POST herbicides, glyphosate or other, becomes critical [9, 10] . During the early stages of growth, corn competes poorly with weeds [9] . Tapia et al. [11] found that when POST control of giant foxtail (Setaria faberii (L.) Herrm.) was delayed until weeds were 15 to 23 cm in height, corn yield was reduced, while Carey and Kells [12] suggested that a 20% yield loss could be expected if a mixed weed population remained uncontrolled until 20 cm in height. Generally, it is recommended that POST herbicides in corn be applied by the V3 to V4 corn stage [9] and no later than 23 days after planting [10] to avoid yield loss due to crop-weed competition. Gower et al. [6] further suggest that there may be a lag between herbicide application and weed death, presenting the possibility that weeds may continue to compete with the crop after herbicide application.
Glyphosate is a relatively slow-acting [13] herbicide and weed injury symptoms can take up to a week to appear and longer for complete plant death to occur. Therefore, growers could apply glyphosate to their crop within the critical period but still experience yield loss due to the slow-acting nature of the herbicide. If this is the case then the addition of another, faster-acting POST corn herbicide to glyphosate, applied as a tankmix, may increase the speed of weed control and decrease potential yield loss. The object of this study was to determine if the addition of a POST herbicide to glyphosate would improve the speed of activity and overall weed control thereby increasing glyphosate-resistant corn yield. Crop tolerance to the various POST tankmixes was also evaluated.
MATERIALS AND METHODS

Field Study Sites
Three field studies were conducted at the Huron Research Station (HRS) (43˚19'N, 81˚30'W), Exeter, Ontario and four studies were conducted at the University of Guelph, Ridgetown Campus (RC) (42˚26'N, 81˚53'W), Ridgetown, Ontario from 2009 to 2011. Corn hybrids used, planting, emergence, and spray dates, and soil characteristics are outlined in Table 1 . The soil at Exeter was a Brookston clay loam while Ridgetown soils were a Watford/Brady series for the 2009, 2010, and 2011B trials and a Maplewood/Normandale series for the 2011A trial. The experimental area was prepared by moldboard plowing in the fall followed by two passes in the spring with a cultivator with rolling basket harrows. Trials at HRS were planted with a conventional precision planter at 71,900, 83,980, and 87,000 seeds ha −1 in 2009, 2010, and 2011, respectively. Similarly, RC trials were planted with a conventional planter at 75,600 seeds ha −1 in 2009 and at 78,800 seeds ha −1 for the remaining three trials. Seed was planted to moisture, 4 to 5 cm deep, depending on year. Fertilizer requirement for each trial was determined based on soil P-K levels and the recommended nutrient application rate cited by the Ontario Ministry of Agriculture and Food publication 811 [14] . Irrigation was not used during the three-year study at either location. Plots were 3 m wide (4 corn rows spaced 75 cm apart) by 10 m long at HRS and 3 m by 8m long at RC. Environmental conditions (temperature, rainfall, etc.) during the three-year study were consistent enough that all site-locations could be combined for analysis (see Section 2.4) and are therefore not shown.
Experimental Design
Studies were designed as a randomized complete block with four replicates. Treatments consisted of a weedy untreated check, weed free untreated check, glyphosate at 900 g ae ) (Elim EP ® 25 DF, Dupont Canada Inc., Mississauga, ON, L5N 5M8). The weed free untreated check was maintained weed free for the duration of the season by a combination of hand-weeding and hoeing. Herbicides were applied at the 6 to 7 leaf stage of corn (see Table 1 for spray dates) using a CO 2 -pressurized backpack sprayer (R&D CO 2 pressurized sprayer, 419 Hwy. 
Data Collection
Crop injury and weed control in glyphosate-resistant corn were estimated visually on a scale of 0% to 100%, where 0% represented no crop injury or weed control and 100% represented complete crop/weed death. Visible injury was rated at 7, 14, and 28 days after application (DAA) and weed control for common ragweed (Ambrosia artemisiifolia L.) (AMBEL), common lambsquarters (Chenopodium album L.) (CHEAL), and green foxtail (Setaria viridis (L.) Beauv.) (SETVI) was rated at 3, 7, 14, 21, and 28 DAA. The density and biomass for AM-BEL, CHEAL, and SETVI were taken at 28 DAA from two, 0.5 m −2 quadrants per plot. Corn was harvested at maturity with a small plot combine, weight and moisture were recorded and yields adjusted to 15.5% moisture.
Statistical Analysis
Data were analyzed using PROC MIXED in SAS 9.2 (SAS, SAS Institute Inc., 100 SAS Campus Drive, Cary, NC 27,513). Herbicide treatment was considered a fixed effect, while environment (year-location combinations), the interaction between environmental and herbicide treatment, and replicate nested within environment were considered random effects. Significance of the fixed effect was tested using an F-test and random effects were tested using a Z-test of the variance estimate. Environments were combined for all variables. Corn at the RC-2011A location was not harvested, so yield data analysis includes only six environments. For all weed control ratings, the weedy untreated check (assigned a value of zero) was excluded from the analysis. However, all values were compared independently to zero to evaluate treatment differences with the weedy untreated check. To satisfy the assumptions of the variance analysis, injury data at 7, 14, and 28 DAA were square root transformed; AMBEL, CHEAL, and SETVI weed control data at all rating dates were arcsine square root transformed; all weed dry biomass and density data were log transformed. Yield data required no transformation. Transformed data were back-transformed for the purpose of reporting. Treatment comparisons were made using Fisher's Protected LSD and were significant at P < 0.05.
RESULTS AND DISCUSSION
Visible Injury
Visible injury to the glyphosate-tolerant corn was minimal and did not exceed 3% for any treatment at 7, 14, or 28 DAA ratings (data not shown). Injury symptoms observed were not consistent with glyphosate injury, rather reflected injury symptoms caused by the glyphosate tankmix partner. Despite the low injury ratings the glyphosate + bromoxynil + atrazine and glyphosate + rimsulfuron treatments increased injury compared to the glyphosate only treatment at both the 7 and 14 DAA ratings. The glyphosate + bromoxynil + atrazine treatment caused 3% and 2% injury, respectively at the 7 and 14 DAA evaluations while the glyphosate + rimsulfuron treatment caused 1% injury at both 7 and 14 DAA. By the 28 DAA injury evaluation there was no difference in visible injury among the herbicide treatments evaluated.
Common Ragweed Weed Control
All herbicide treatments for AMBEL, CHEAL, and SETVI provided better weed control than the weedy check at all rating evaluation dates. Typical glyphosate injury symptoms to weed species were noted for the study; chlorosis followed by necrosis approximately seven to ten days following herbicide treatment.
The addition of either dicamba/diflufenzopyr, dicamba/atrazine, or bromoxynil + atrazine to glyphosate increased control of common ragweed compared to either the glyphosate alone or glyphosate + ammonium sulphate treatment at 3 DAA ( Table 2) . Despite the increased AMBEL control by these three treatments control ratings were still less than 52% at the earliest rating. Only three treatments provided greater than 80% AMBEL control at the 7 DAA evaluation; glyphosate + bromoxynil + atrazine, glyphosate + mesotrione+atrazine, and glyphosate + topramezone + atrazine. However, by 14 DAA all herbicide treatments provided greater than 85% AMBEL control. The addition of ammonium sulphate, atrazine alone, s-metolachlor/atrazine, or rimsulfuron to glyphosate failed to improve AMBEL control compared to the glyphosate alone treatment at 14 DAA ( Table 2) . By 28 DAA all herbicide treatments provided excellent AMBEL control (>88%), while the addition of dicamaba/diflufenzopyr, dicamba/atrazine, bromoxynil + atrazine, and topramezone + atrazine to glyphosate improved ) included with glyphosate + topramezone + atrazine treatment. Means followed by the same letter within a column are not significantly different according to Fisher's Protected LSD (P < 0.05). Weed control data required an arcsine square root transformation while density and dry biomass data required log transformations. All data were back-transformed for the purpose of reporting.
control compared to glyphosate alone treatments.
Common ragweed density determined at 28 DAA was an average of 7.2 AMBEL per m −2 in the weedy check ( Table 2 ). Similar to weed control ratings, all treatments decreased AMBEL density and biomass compared to the weedy check. Additionally, when dicamba/diflufenzopyr, dicamba/atrazine, and bromoxynil + atrazine were added to glyphosate, common ragweed density and biomass were lower compared to glyphosate alone. Across all common ragweed weed control rating dates, weed density and biomass ratings, the glyphosate + bromoxynil+ atrazine treatment consistently provided better AMBEL control than glyphosate alone.
Common Lambsquarters Weed Control
The addition of a herbicide tankmix partner to glyphosate did not improve common lambsquarters control compared to glyphosate alone at 3 DAA (Table 3) . However, all treatments provided 88% or better control of CHEAL one week after application, additionally the treatments which included bromoxynil + atrazine, mesotrione + atrazine, and topramezone + atrazine provided greater control than glyphosate alone or glyphosate + ammonium sulphate. At 14 DAA, all herbicide treatments provided 98% or greater CHEAL control, suggesting that common lambsquarters is controlled more quickly by glyphosate, both with and without a POST herbicide tankmix partner, than common ragweed. At 28 DAA, the addition of all POST tankmix partners to glyphosate, examined in this study, improved CHEAL weed control compared to glyphosate alone ( Table 3) .
At 28 DAA, mean common lambsquarters density in the weedy check was 20.24 plants m −2 ( Table 3 ). All herbicide treatments decreased common lambsquarters density compared to the weedy check. Almost all glyphosate + POST herbicide combinations decreased CHEAL density compared to the glyphosate alone or glyphosate + ammonium sulphate treatments; the exceptions being glyphosate + dicamba/diflufenzopyr and glyphosate + rimsulfuron. There was no difference in common lambsquarters biomass among the herbicide treatments evaluated suggesting that although there may have been more CHEAL in treatments receiving either the glyphosate alone or glyphosate + ammonium sulphate treatment, those plants were likely quite small at the time of biomass evaluation. ) included with glyphosate + topramezone + atrazine treatment. Means followed by the same letter within a column are not significantly different according to Fisher's Protected LSD (P < 0.05). Weed control data required an arcsine square root transformation while density and dry biomass data required log transformations. All data were back-transformed for the purpose of reporting.
Green Foxtail Weed Control
At 3 DAA, the addition of a POST herbicide to glyphosate did not improve SETVI control compared to the glyphosate only or glyphosate + ammonium sulphate treatment; average weed control ranged between 22 and 34% ( Table 4) . At 7 DAA, all herbicide treatments provided greater than 80% control of green foxtail. Unlike the broadleaf weed control ratings, glyphosate alone provided better control (96%) of SETVI than some of the glyphosate tankmixes; treatments including atrazine alone, dicamba/atrazine, bromoxynil + atrazine, and smetolachlor/atrazine provided 88%, 82%, 80%, and 87% SETVI control, respectively. At 14 DAA, all of the herbicide treatments evaluated provided greater than 90% control of SETVI. Similar to the 7 DAA rating, the treatments with dicamba/atrazine and bromoxynil + atrazine provided inferior control of SETVI compared to glyphosate alone. It is likely that the glyphosate component in these two tankmix treatments was responsible for providing the green foxtail control as bromoxynil + atrazine and mesotrione + atrazine typically demonstrate poor SETVI control [15] . At 28 DAA, all of the herbicide treatments provided greater than 96% control of SETVI, with the exception of bromoxynil + atrazine (93%) which was lower than glyphosate alone (97%). Glyphosate + s-metolachlor/atrazine and glyphosate + rimsulfuron provided improved SETVI control compared to glyphosate alone.
Although no herbicide treatment decreased SETVI biomass compared to the weed free check, plant density was reduced by two herbicide tankmixes. The two treatments which improved SETVI control at 28 DAA, glyphosate + s-metolachlor/atrazine and glyphosate + rimsulfuron, also decreased green foxtail density compared to glyphosate alone ( Table 4) . This slight improvement in weed control and decrease in plant density was expected since the non-glyphosate components of these tankmixes are residual herbicides that provide good green foxtail control [15] . Green foxtail density in the weedy untreated check averaged 28.9 plants m −2 , and all herbicide treatments examined in this study decreased the density of SETVI compared to the weedy check. ) included with glyphosate + topramezone + atrazine treatment. Means followed by the same letter within a column are not significantly different according to Fisher's Protected LSD (P < 0.05). Weed control data required an arcsine square root transformation while density and dry biomass data required log transformations. All data were back-transformed for the purpose of reporting.
biomass observed with some of the glyphosate tankmixes, there was no yield difference among the herbicide treatments evaluated and all herbicide treatments resulted in glyphosate-resistant corn yield that were equivalent to the weed free check ( Table 5 ). The lack of yield differences between treatments supports the visible injury data, where the greatest injury observed at 7, 14 or 28 DAA was 3%. Based on the findings in this research, although the addition of a POST corn herbicide, with some residual control, to glyphosate (900 g ae•ha
) enhanced weed control compared to a POST glyphosate treatment alone, the improvement in weed control did not translate to improved yield.
CONCLUSION
The lack of a yield response does not necessarily mean that the addition of a POST herbicide to glyphosate has no benefit to producers. For AMBEL control, the addition of dicamba/diflufenzopyr, dicamba/atrazine, and bromoxynil + atrazine to glyphosate improved the immediate weed control rating (3 DAA) by almost two-fold, compared to the glyphosate only treatment. The impact of these treatments was still noticeable at 28 DAA, since both common ragweed density and dry biomass were reduced compared to the glyphosate alone treatment. A similar trend was observed common lambsquarters. Although, the addition of a POST herbicide to glyphosate did not improve CHEAL control at 3 DAA, the addition of bromoxynil + atrazine, mesotrione + atrazine, and topramezone + atrazine improved control, compared to the glyphosate alone treatment at 7 DAA. By 28 DAA, CHEAL density had been decreased by all glyphosate tankmix treatments, except for glyphosate + ammonium sulphate, glyphosate + dicamba/diflufenzopyr, and glyphosate + rimsulfuron. Although the inclusion of another POST herbicide to glyphosate did not improve the speed of SETVI control compared to glyphosate alone, the addition of either s-metolachlor/atrazine or rimsulfuron to glyphosate decreased SETVI density. The overall decrease in weed density would limit the amount of seed returned to the seedbank and likely reduce the challenge of weed control in upcoming seasons; AMBEL, CHEAL, and SETVI can produce up to 62,000 [16] , 72,450 [17] , and 12,000 [18] seeds per plant, respectively. Additionally, fewer weeds in the field at harvest typically de- crease combine wear and result in cleaner test samples at yield. Another potential benefit to producers using glyphosate tankmixes is that the different mechanisms of action could aid in glyphosate resistance management. To date, 24 weed species, including common ragweed, have been identified as glyphosate resistant [19] .
